INTRODUCTION {#sec1-1}
============

Erectile function depends on a precise balance and interactions between contractile and relaxant factors under normal and pathological conditions that determine the tone of corpora cavernosal smooth muscle of the penis.\[[@ref1],[@ref2]\] Relaxation of cavernous smooth muscle is critical for inducing and maintaining penile erection. Erectile dysfunction (ED) is commonly defined as the inability to achieve or maintain penile erection sufficient to perform for convincing sexual activity.\[[@ref3]\] ED is a widespread problem, which has been estimated to occur in approximately 50% of men between the ages of 40 years and 70 years.\[[@ref4]\] This problem affects about 150 million individuals in the World and is viewed by almost all men as a significant component of quality of life.\[[@ref5]\] ED is often a disease of vascular origin,\[[@ref6]\] which results from impairment of endothelium-dependent or -- independent smooth muscle relaxation.\[[@ref7]\]

Many traditional Chinese and Japanese medicines can provide a safe natural alternative to reversing ED. Some extracts from traditional Chinese and Japanese herbs, of the alkaloids, phenolic compounds, coumarin and saponin series, relax the smooth muscle of corpus cavernosum, which provides an open window for developing new drugs for the treatment of ED. Resveratrol (RVT), one of the most commonly employed dietary polyphenolic compound which mainly exists in red grapes and wine, was first isolated from the roots of of Polygonum cuspidatum, a plant used in traditional Chinese and Japanese medicine for treatment of cardiovascular diseases. The favorable relaxant effects of RVT have been demonstrated by a substantial number of experimental studies in human internal mammary artery, rat aorta, mesenteric and uterine artery of guinea pig.\[[@ref8][@ref9][@ref10]\] Accordingly, in the course of our studies on the development of naturally occurring agents for the treatment of ED, we found that RVT has a potent relaxant effect on rat corpus cavernosum.\[[@ref11]\] In this study, relaxant effect produced by RVT has been found to be greatly dependent on endothelium-independent mechanisms. However, the mechanisms underlying endothelium-independent relaxation of corpus cavernosum induced by RVT is unknown.

It has been shown that potassium channels play an important role for the modulation of corpus cavernosum smooth muscle cell tone. Activation of potassium channels followed by hyperpolarization and relaxation of corporal smooth muscle cells is thought to be an important mechanism in penile erection.\[[@ref12],[@ref13],[@ref14],[@ref15]\] Because corporeal endothelium and smooth muscle contains several potassium channels, it is expected that drugs interfering with these channels may affect relaxation in corporal tissue. Thus, the present study has addressed the question of whether different types of potassium channels are involved in both endothelium-dependent and endothelium-independent mechanisms of vasodilatation induced by RVT in rat corpus cavernosum.

MATERIALS AND METHODS {#sec1-2}
=====================

Experimental procedures {#sec2-1}
-----------------------

This study was registered by the Animal Ethics Committee of Akdeniz University Medical Faculty, Antalya, Turkey. Briefly, male Wistar rats, weighing 250-300 g, were used in the present study. All animals were housed under the standard animal laboratory conditions (12 h lighting cycle, controlled temperature and humidity).

Isolated organ bath technique {#sec2-2}
-----------------------------

The rats were humanly killed by cervical dislocation. Penises were surgically removed at the level of the crural attachments to the pubo-ischial bones and promptly placed in a Petri dish containing Krebs solution (containing in mM: NaCl 118, KCl 5, NaHCO~3~ 25, KH~2~PO~4~ 1.0, MgSO~4~ 1.2, CaCl~2~ 2.5, and glucose 11.2), bubbled with a mixture of 95% O~2~ and 5% CO~2~. The glans penis and urethra were excised and the corpus cavernosum tissue was then dissected free from the tunica albuginea. The two corpus cavernosums were separate by cutting the fibrous septum between them. The time frame from dissection of corpus cavernosum to organ bath experiments was about 20 min. Each cavernosal strip was tied with silk in one organ chamber with one end fixed to a tissue holder and the other secured to a force transducer. Cavernosal strips were maintained in the organ baths with filled with Krebs solution maintained at 37 °C and gassed with 95% O2 and 5% CO2 to obtain a pH of 7.4. Isometric tension was continuously measured using an isometric force transducer (FDT05, Commat Ltd., Ankara, Turkey), connected to a computer-based data acquisition system (MP36, Commat Ltd., Ankara, Turkey). 500 mg of tension was applied to each strip and allowed to equilibrate for 60 min. During the resting periods, the organ bath solution was changed every 15 min. For the relaxation studies, corpus cavernosum strips were precontracted with phenylephrine (Phe, 10 μmol/L). This concentration was determined from the cumulative contraction -- response curves to achieve 80% of the maximum contraction.

Protocol {#sec2-3}
--------

After further rinsing, endothelium-intact corpus cavernosum tissues precontracted with Phe were exposed to RVT in the presence of the combination of selective inhibitors of small (SK~Ca~) and intermediate (IK~Ca~) conductance calcium-activated potassium (BK~Ca~) channels (0.1 μmol/L charybdotoxin and 1 μmol/L apamin, respectively), and relaxation responses were recorded. To investigate the role of different potassium channels on endothelium-independent corpus cavernosum relaxation induced by RVT, tissues were incubated with non-selective potassium channels blocker, tetraethylammonium chloride (TEA, 10 mmol/L); ATP-sensitive potassium (K~ATP~) channels blocker, glibenclamide (10 μmol/L); inward rectifier potassium (Kir) channels inhibitor, barium chloride (BaCl~2~, 30 μmol/L); voltage-dependent potassium (Kv) channels inhibitor, 4-aminopyridine (4-AP, 1 mmol/L), and large conductance BK~Ca~ channels inhibitor, iberiotoxin (IbTX, 0.1 μmol/L) and relaxation responses were obtained. TEA, glibenclamide, BaCl~2~, 4-AP, apamin, charybdotoxin and IbTX were added to the bath 30 min before the study.

Materials {#sec2-4}
---------

Acetylcholine, phenylephrine, TEA, glibenclamide, BaCl~2~, 4-AP, apamin, charybdotoxin, IbTX and the salts for the Krebs solution were purchased from Sigma Chemical (St. Louis, MO). All drugs were prepared fresh daily during experiments and were dissolved in distilled water before use, except in the case of glibenclamide and RVT (initially dissolved in ethanol).

Statistical analysis {#sec2-5}
--------------------

All values are expressed as mean ± SEM responses to RVT are expressed as percentages of the reversal of the tension developed in response to Phe. The logarithm of the concentration of agonists which elicited a 50% of maximal response (E~max~) was designated as the EC~50~. These values were determined by regression analysis of the linear portions of the log concentration--response curves. Sensitivity was expressed as pD~2~ (-log EC~50~). Statistical analysis of the results was performed by the Student\'s *t*-test. *P* value lower than 0.05 was considered as significant.

RESULTS {#sec1-3}
=======

Investigating the role of the K~ATP~ channels, Kir channels, Kv channels, and large conductance BK~Ca~ channels in RVT-induced endothelium-independent corpus cavernosum relaxation {#sec2-6}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Phe elicited a stable contraction in rat corpus cavernosum strips. In the endothelium-intact tissues, which were precontracted with Phe, addition of RVT (1-100 μmol/L) caused a potent relaxation response in a concentration-dependent manner \[[Figure 1](#F1){ref-type="fig"}\]. The maximal relaxation response to 100 μmol/L RVT was 60.60 ± 4.32%. The final concentration of solvent in the organ bath was less than 0.1%, which had no effect on basal tone of the corpus cavernosum strips. Preincubation of corpus cavernosum strips with non-specific potassium channel blocker TEA caused a significant reduction of the relaxation response to RVT \[[Figure 1](#F1){ref-type="fig"}\] (*P* \< 0.05). In addition, the relaxant response induced by RVT was significantly inhibited by both ATP-sensitive potassium channels blocker, glibenclamide and inward rectifier potassium channels inhibitor, BaCl~2~ \[[Figure 2](#F2){ref-type="fig"}\] (*P* \< 0.05). However, the relaxant effect induced by RVT was not significantly inhibited by Kv channels inhibitor, 4-AP or large conductance BK~Ca~ channels inhibitor, IbTX \[[Figure 3](#F3){ref-type="fig"}\] (*P* \> 0.05).

![Effect of tetraethylammonium chloride (TEA) (10 mmol/L) incubation on resveratrol (RVT)-induced relaxation responses in rat corpus cavernosum. All values are expressed as mean ± SEM *n* = 5-7 for all groups. TEA: Tetraethylammonium chloride, \**P* \< 0.05 as compared with RVT](PM-10-47-g001){#F1}

![Effect of BaCl2 (30 μmol/L) and glibenclamide (10 μmol/L) incubation on resverastrol-induced relaxation responses in rat corpus cavernosum. All values are expressed as mean ± SEM *n* = 5-7 for all groups. BaCl2: Barium chloride, \**P* \< 0.05 as compared with resveratrol](PM-10-47-g002){#F2}

![Effect of apamin (0.1 μmol/L) plus charybdotoxin (1 μmol/L), 4-AP (1 mmol/L), and iberiotoxin (IbTX) (0.1 μmol/L) incubation on resveratrol-induced relaxation responses in rat corpus cavernosum. All values are expressed as mean ± SEM *n* = 5-7 for all groups. Apa plus charybdo: Apamin plus charybdotoxin, 4-AP: 4-aminopyridine, IbTX: Iberiotoxin](PM-10-47-g003){#F3}

Investigating the role of the small (SK~Ca~) and intermediate (IK~Ca~) conductance BK~Ca~ channels in RVT-induced endothelium-dependent corpus cavernosum relaxation {#sec2-7}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

The incubation of endothelium-intact corpus cavernosum strips with the combination of selective inhibitors of small and intermediate conductance BK~Ca~ channels (apamin and charybdotoxin, respectively) did not significantly reduce RVT-induced relaxation \[[Figure 3](#F3){ref-type="fig"}\]. After the incubation with apamin plus charybdotoxin, RVT (100 μmol/L)-induced maximal relaxation decreased from 60.60 ± 4.32% to 55.00 ± 4.63%. In addition, none of the potassium channel blockers did cause a significant change in sensitivity (pD~2~) to RVT. E~max~ and pD~2~ values for RVT are shown in [Table 1](#T1){ref-type="table"}.

###### 

pD~2~ (--log EC~50~) and E~max~ values for resveratrol in rat corpus cavernosa strips

![](PM-10-47-g004)

DISCUSSION {#sec1-4}
==========

To our knowledge, this is the first study that demonstrates that different types of potassium channels are involved in the relaxant effect of RVT in corpus cavernosum. This effect is concentration-dependent and mediated through both Kir channels and K~ATP~ channels.

The previous results suggest a functional role for potassium channels in the relaxation of corporal smooth muscle relaxation.\[[@ref16],[@ref17]\] Activation of potassium channels both in the endothelium and vascular smooth muscle causes hyperpolarization which leads to vascular smooth muscle relaxation.\[[@ref18],[@ref19]\] Hyperpolarization leads to the closure of voltage-dependent calcium channels, leading to a reduction in calcium ion influx, and results in vasodilation.\[[@ref20]\] Potassium ion channels are important to stabilize the membrane potential and reduce the excitability of nerves and muscle cells including penile smooth muscle cells.\[[@ref21],[@ref22]\] Although RVT has been shown to have a potent relaxant effect on rat corpus cavernosum, the role of potassium channels in this effect is unknown. Several potassium channels may be possible to explain the relaxant effect of RVT in rat corpus cavernosum strips. Accordingly, we have recently provided evidence that relaxant response to RVT in corpus cavernosum may be mediated by potassium channels. Among them, endothelial potassium channels have been widely implicated in endothelial hyperpolarization which spreads through myendothelial junctions to result in adjacent smooth muscle hyperpolarization and relaxation of the smooth muscle.\[[@ref23]\] It has been suggested that potassium efflux from endothelial cells via IK~Ca~ and SK~Ca~ activates Kir channels on the smooth muscle cells.\[[@ref24]\] In the present study, blockade of small and intermediate conductance BK~Ca~ channels, which are found mainly on the endothelium did not cause a significant inhibitor effect on the relaxing effect of RVT in rat corpus cavernosum. In the present study, the relaxant effect of RVT in endothelium-intact corpus cavernosum strips was not significantly abolished by the combination of selective inhibitors of SK~Ca~ and IK~Ca~ channels (charybdotoxin and apamin, respectively), suggesting that this effect is not mediated by small and intermediate conductance BK~Ca~ channels located in the endothelium of corpus cavernosum.

Otherwise, in a recent previous study,\[[@ref11]\] we have also demonstrated that the relaxation response of corpus cavernosum induced by RVT was not completely inhibited by the removal of endothelium, supporting the role of endothelium-independent mechanisms in RVT-induced relaxation. The relaxant effects that are resistant to endothelial removal could be attributed to hyperpolarization of the cell membrane by opening different potassium channels in corpus cavernosum smooth muscle. Because potassium channels are the dominant ion conductive pathway in vascular smooth muscle, activation of different types of potassium channels leads to membrane hyperpolarization and inhibition of calcium influx through voltage-dependent calcium channels, resulting in smooth muscle relaxation.\[[@ref25]\] Potassium channels exist invascular smooth muscle as four types - Kir channels, K~v~ channels, BK~Ca~ channels and K~ATP~ channels.\[[@ref26]\] Depending on the vascular bed and species, different potassium channels have been implicated in relaxation response induced by RVT. For example, the mechanism of vasorelaxation of rat mesenteric artery induced by RVT probably involves activation of 4-AP-sensitive potassium channels.\[[@ref27]\] Otherwise, the activation of BK~Ca~ channels in smooth muscle contributes to the endothelium-independent dilation caused by RVT in isolated porcine retinal arterioles.\[[@ref28]\] Besides, Novakovic *et al*.\[[@ref29],[@ref30]\] reported that 4-aminopiridine and margatoxin-sensitive potassium channels located in the smooth muscle are involved in the relaxating effect of RVT in both rat aorta and human internal mammarian artery. As reported above, types of potassium channels involved in RVT-induced relaxation may be different in various types of tissues. Among the several subtypes of potassium channels, K~Ca~ channels and Kir channels involving K~ATP~ channel subtypes are thought to be the most physiologically relevant in corporal smooth muscle.\[[@ref31],[@ref32]\] In addition, several studies have been published on the presence of K~ATP~ channels, and Kir channels, in corpus cavernosa.\[[@ref17],[@ref33]\] Hence, in our study, different specific potassium channel blockers were tested to identify which one(s) play a role in RVT-induced relaxation of corpus cavernosum. Results of this study showed that the relaxation response of corpus cavernosum to RVT was significantly inhibited by pretreatment with nonspecific potassium channel blocker TEA, suggesting that it may be associated with hyperpolarization due to activation of potassium channels. Previous studies have suggested that RVT acts by way of K~V~ and BK~Ca~ channel opening action in various arteries. Therefore, it could be suggested that RVT preferentially stimulates the K~V~ and BK~Ca~ channels in the corpus cavernosum. Surprisingly, in the present experiment, we found the treatment of corpus cavernosum tissues with 4-AP (K~v~ channel blocker) and IbTX (BK~Ca~ channel blocker) did not change the relaxant activity of RVT. These findings suggest that the relaxant effect of RVT is unrelated to BK~Ca~ channels and K~v~ channels. The present study also demonstrated the K~ATP~ channel blocker, glibenclamide, was able to reduce the relaxation induced by RVT, suggesting the role of K~ATP~ channels in RVT-induced corpus cavernosum relaxation. Besides, Kir channels are expressed in arterial smooth muscle, where they are responsible for membrane hyperpolarization and blood vessel dilation.\[[@ref34],[@ref35]\] Smooth muscle Kir channels are likely to be the target since most blood vessels dilate to potassium in the absence of the endothelium.\[[@ref36],[@ref37],[@ref38]\] The relaxation response of corpus cavernosum to RVT was significantly inhibited by pretreatment with Kir channel blocker BaCl~2~, suggesting that Kir channels located in smooth muscle may contribute toward the relaxation of corpus cavernosum induced by RVT.

In conclusion, relaxation effect of RVT on corporal smooth muscle was not due to the activation of endothelial potassium channels (SK~Ca~ and IK~Ca~). The present data show that RVT induced the relaxation of corporal smooth muscle through greatly endothelium-independent mechanisms. The efficacy of RVT is closely associated with potassium channels in smooth muscle cells, especailly at high concentrations (more than 10 μmol/L). This acute vasorelaxant effect of RVT seems to be mediated by Kir channels and K~ATP~ channels, but not by BK~Ca~ or K~V~ channels in the smooth muscle of corpus cavernosum. As molecules participating in local regulation of penile smooth muscle contractility can be considered targets for the development of new drugs to treat ED, RVT might be a therapeutically viable strategy in managing this condition via activation of various types of potassium channels.

**Source of Support:** This study was supported by Akdeniz University Research Foundation with the 2012.01.0103.004 project number

**Conflict of Interest:** None declared.
